Abstract: Structural safety of existing buildings near deep excavations is evaluated by computing exceeding probabilities of different damage criteria within a simplified probabilistic methodology based on monovariate or multivariate probabilistic analyses employing the results of a numerical model of the boundary value problem. Different limit domains, defined on one or more deformation parameters and associated to limit states, are used to contemplate: the type of the structural system (i.e., reinforced concrete or masonry buildings); the foundation typology (i.e., strip/raft or pad foundations). The sensitivity analysis is developed considering the design of a new underground station in Naples (Italy).
Introduction
The issue of the soil-structure interaction and risk assessment related to the construction of underground structures in urban areas is a complex problem of considerable interest often characterised by great uncertainty. Excavations inevitably induce significant changes both in the stress and strain fields of the soil around them and, therefore, displacements to adjacent structures and infrastructure (Long, 2001; Moormann, 2004; Leung and Ng, 2007) . Different approaches to estimate excavation-induced vertical and horizontal soil deformations have been proposed in the literature, which may be classified in the following two categories: empirical methods (e.g., Peck, 1969; Clough and O'Rourke, 1990; Kung et al., 2007) , and numerical methods (e.g., Poulos and Chen, 1997; Finno and Calvello, 2005; Hashash et al., 2006) . Concerning the displacement-induced damages to existing structures located around the excavation, their estimation is often carried out by using damage indices and functions (e.g., Skempton and MacDonald, 1956; Boscardin and Cording, 1989; Burland, 1995; CEN, 2005; , nowadays used within the most important geo-structural codes worldwide (e.g., CEN, 2005; Aashto, 1997; Becker, 1996; Honjo and Kusakabe, 2002) . Most recently, reliability-based design methodologies have been proposed and promoted to estimate the damage to structures adjacent to excavations via probabilistic or semi probabilistic analyses (Hsiao et al., , 2008 Schuster et al., 2008 Schuster et al., , 2010 Boone, 1996; Boone et al., 1999; Palazzo et al., 2011; Castaldo et al., 2013) .
The present paper provides a contribution towards the complex problem of risk assessment related to the construction of underground structures in urban areas by evaluating the structural safety of existing buildings near deep excavations using different limit domains within the simplified probabilistic methodology proposed by Castaldo et al. (2013) . To this aim, the excavation effects to adjacent buildings is evaluated on the basis of different damage functions, which are related to the typology of the affected structures and the type of foundations, and the relative position between the excavation and the buildings, i.e., considering the structural response to the foundations' settlements and distortions at different distances from the excavation edge. In particular, the results of a numerical model of the boundary value problem are used to define safe distances from the edge of the excavation as a function of damage criteria and limit probabilities of exceedance associated to limit states (serviceability limit state -SLS or ultimate limit state -ULS). The procedure is applied to a case study: the design of an underground station, part of a new subway line in the city of Naples (Italy), for which a large open-pit excavation is planned.
Damage to affected buildings
Different criteria to evaluate the effect of soil movements on building's foundations, along with the related damage thresholds, have been proposed in the literature. The numerical thresholds or limit domains are often a function of the building's use and/or of the type of foundations, consistently with different potential damage levels. According to Ou et al. (2000) , factors such as the type of foundation, the size of foundation, the length of the side of the excavation and the shape of the settlement profile may affect the building performance during excavation. Thus, information regarding a building's location relative to the settlement influence zone is helpful in planning building protection measures during excavation. Schuster et al. (2008) , based on previously developed evaluation criteria, establish a SLS for reliability analysis of building damage caused by excavation. Bryson and Kotheimer (2011) present computed building responses at dates corresponding to observations of cracking and discuss of strain levels in infill panel walls where cracking was observed and in panels where cracking was not observed.
The main deformation parameters used to quantify the movements induced on building's foundations are reported in Figure 1 . Two main categories of damage criteria may be identified, according to whether they refer to a single or to more than one deformation parameters: damage indices and multi-parameter functions. Examples of damage indices are reported in Table 1 , examples of damage functions are shown in Figures 2(a) and 2(b). Table 1 reports the main damage thresholds proposed in the literature with reference to absolute or differential settlements and relative rotations, respectively. According to Terzaghi and Peck (1948) , the maximum acceptable differential displacements, which can be estimated starting from the maximum computed total displacements, are equal to 25 mm for foundations on sandy soil. Skempton and MacDonald (1956) recommend absolute and differential settlement limits respectively equal to 40 mm and 25 mm for pad foundations, which increase to 65 mm and 40 mm in the case of strip or raft foundations on sandy soil and to 100 mm and 65 mm in the case of strip or raft foundations in clayey soil. Slightly higher thresholds are proposed, for fine-grained soils, by Bjerrum (1963) , who recommends the following maximum absolute and differential settlements: 150 mm and 50 mm for pad footings and 250 mm and 125 mm for strip or raft foundations. In Eurocode 7 (CEN, 2005), total settlements lower than 50 mm are considered acceptable for structures with pad foundations, yet larger settlements may be considered acceptable if it is proved that the total settlements do not cause serviceability problems. The Eurocode 7 also proposes, as shown in Table 1 , relative rotations limits. In particular, the serviceability thresholds range from 1/2,000 to 1/300, depending on the type of structure, whereas the ULS is set to 1/150 for sagging-type deformations and 1/300 for a hogging-type deformations. With regard to framed reinforced concrete structures having pad foundations or strip footings, Skempton and MacDonald (1956) suggest two limit values of relative rotation: β = 1/500 to avoid cracking phenomenon in panel walls or load-bearing walls or masonry in-fill panels; β = 1/150 to avoid structural damages. These values are substantially confirmed also by Polshin and Tokar (1957) . Grant et al. (1974) proposed to correlate, for foundations on sandy soil, the relative rotation limit to the maximum absolute vertical displacements settlements.
Regarding the damage functions, Burland and Wroth (1975) were the firsts to use the concept of limiting tensile strain to study limiting deflection criteria in simple linear beams undergoing sagging-type and hogging-type deformations on varying stiffness ratios. Boscardin and Cording (1989) (2001), and Son and Cording (2005) generalised the Boscardin and Cording (1989) damage criterion. Voss (2003) proposed an advanced version of the Burland and Wroth's (1975) criteria. investigated the role of additional shear deformation following the overall structural static response. For the analysis of the case study, the criteria proposed by Boscardin and Cording (1989) , and Burland (1995) will be used. 
Probabilistic evaluation of excavation-induced damage to existing structures
The simplified probabilistic methodology proposed by Castaldo et al. (2013) provides a probabilistic evaluation of the excavation-induced damage to adjacent existing buildings from the results of a numerical model of the boundary value problem given: the typology of the structures and foundations, appropriately defined damage functions or thresholds, the relative position between the excavation and the structures. The proposed approach can be defined as a reliability-based design procedure based on monovariate or multivariate probabilistic analyses. The procedure (Figure 3 ) is composed of four steps.
• The first step, i.e., the definition of the numerical analysis of the supported deep excavation system (e.g., finite element simulation), aims at evaluating the stress and strain field within the soil around the excavation and the soil-structure interaction.
• The second step consists of a parametric analysis, which considers the model parameters most affecting the system response, aimed at defining the most adequate prediction model of the boundary value problem.
• Within the third step, the prediction model is used for a probabilistic evaluation of the numerical results. This analysis requires the probabilistic characterisation of the model input parameters which are most relevant for the system response (e.g., hydraulic conductivity of the soil layers and of the stiffness and strength parameters to be used in the soil constitutive relationships) through a point estimate method (PEM) probabilistic analysis (Rosenblueth, 1975; Christian and Baecher, 2002) . In the PEM, the geotechnical parameters are modelled as random independent variables characterised by a normal distribution (Lumb, 1974; Kulhaway, 1999a, 1999b) . The total number of simulations to be run for a PEM analysis is 2 M , M being the total number of relevant geotechnical parameters. The results of all these simulations are to be considered equiprobable and can be easily used to compute the probability density functions of the relevant model results at various distances from the excavation. • The final step of the procedure consists of the evaluation of the probability of damage of the affected buildings at different locations within the excavation-induced settlement trough (i.e., at different distances from the excavation). The results of this probabilistic analysis are functions both of the probability monovariate or multivariate density functions computed in the previous phase and of the shape and values of appropriately defined damage functions. At the end of this phase, engineering judgment needs to be applied to evaluate the results of the analysis in light of appropriately defined damage criteria and to finally decide whether the modelled excavation system is appropriately designed or whether some of the design choices need to be re-evaluated.
The sensitivity study conducted in this paper is focused on the fourth step of the reliability procedure. An application to a case study is used to evaluate the structural safety of a curtain of buildings close to a large open-pit excavation for each considered value of the relative position between the excavation and the buildings through different limit domains related to: type of the structural system (i.e., reinforced concrete or masonry buildings); foundation typology (i.e., strip/raft or pad foundations). In particular, the effect of the different damage criteria is evaluated by computing the different exceeding probabilities as a function of the distance from the edge of the excavation and by comparing the areas underneath the buildings which are to be considered 'unsafe' according to the assumed criteria and probabilities of exceedance associated to limit states (SLS or ULS).
Application to a case study
The comparative analysis is developed on a case-study: the design of an underground station, part of a new subway line in the city of Naples (Italy), for which a large open-pit excavation has been designed. The main features of the excavations system are: 23.6 × 85.5 m 2 rectangular-shaped excavation pit; 28 m maximum excavation depth, H; multi-propped 50 m deep T-shaped reinforced concrete slurry walls; excavation edge 16.5 m away from a curtain of buildings [Figures 4(a) and 4(b) ]. The excavation is designed to be carried out employing a top-down method with reinforced concrete slurry walls permanently supported by two thick reinforced concrete slabs, respectively at the top and bottom of the open pit, and four levels of temporary struts later substituted by permanent reinforced-concrete walls. Sixteen construction stages are needed to perform the excavation works. The numerical analysis of the case study is conducted using the finite element method (FEM) implemented in the geotechnical commercial code PLAXIS (developed by Plaxis bv). The presence of buildings on the right side of the excavation is accounted for applying a uniformly distributed pressure over the ground surface (150 kPa) starting from a distance of 16.5 m from the excavation edge. Details on the construction stages, on the geotechnical and structural properties, used to reproduce the system within the numerical analysis, and on the parametric analysis, carried out to define the prediction model, may be found in Castaldo et al. (2013) . As described in Castaldo et al. (2013) , the probabilistic analysis of the computed ground displacements around the excavation system and the subsequent evaluation of the exceeding probability of damage to the affected buildings require the choice and the estimation of a number of relevant independent geotechnical parameters, i.e., the random variables, of the selected prediction model. Table 2 shows the mean values, the coefficients of variation and the standard deviations considered for these parameters (Lumb, 1974) . Using the PEM (Rosenblueth, 1975; Christian and Baecher, 2002) , it is possible to estimate the probability density functions of the relevant model results. As the input random variables are three, the total number of simulations to be run for the PEM analysis is 8. For each random variable of the analysis, the values of the mean, μ, plus or minor one standard deviation, σ, are considered. The results of all the simulations are shown in Figure 5 . In particular, Figure 5 (a) and Figure 5 (b) show the vertical and horizontal ground displacements at different distances from the excavation edge. As expected, the results show sagging deformations close to the excavation and hogging deformations after a distance of about 1.1 to 1.3 x/H. Assuming that the input parameters are independent and uncorrelated, the results of the eight simulations have the same probability of occurrence and can be used to compute the probability density functions of every other deformation variable correlated to them by using the maximum likelihood technique. In this case, log-normal density functions of the vertical and horizontal displacements are assumed after computing the first and second moment of the distribution from the simulation results at every distance from the excavation edge. The log-normal monovariate and multivariate density functions are computed according to the following equations:
where x is the value of the considered variable (e.g., vertical or horizontal displacement); μ and σ are the values of the first and second moments of that variable; ( )
where x 1 and x 2 are the values of the considered variables [e.g., β and ε H for the Boscardin and Cording (1989) damage functions, Δ/L and ε H for the Burland (1995) functions]; μ 1 , μ 2 , σ 1 and σ 2 are the values of the first and second moments of the two variables. Figure 6 shows, as an example, the probability density function of the vertical [ Figure 6 (a)] and horizontal [Figure 6(b) ] ground displacements at a distance x/H = 1.429. The most likely vertical and horizontal displacements at this location are, respectively, about 0.07 m, corresponding to a w/H equal to 0.25%, and about 0.06 m, corresponding to a u/H equal to 0.20%.
Probabilistic analysis of damage to buildings
The reliability sensitivity analysis of the excavation-induced damage to the adjacent buildings has been conducted with reference to both reinforced concrete structures and masonry buildings. Following the two categories of damage criteria previously identified, the probabilistic analyses have been carried out in the first case with reference to a single deformation parameters, i.e., the damage indices shown in Table 1 , and in the second case with reference to two deformation parameters, i.e., the two-parameter damage functions shown in Figures 2(a) and 2(b) . In the two cases, the exceeding probability has been evaluated through the single or double integration of the log-normal density functions, respectively expressed by equations (1) and (2). Regarding the damage to reinforced concrete structures, the exceeding probability for the vertical displacements, relative vertical displacements and relative rotation limits (Table 1) , was evaluated as a function of the distance from the excavation edge with reference both to serviceability and ULSs. Figures 7 and 8 show two different graphical representations of the exceeding cumulative probability functions, expressed in base-10 logarithmic scale, as a function of both amount of vertical settlements and distance from the excavation edge. Similarly, Figures 11 and 12 report the exceeding cumulative probabilities of the relative rotations. All figures also report the SLS and ULS probabilities used as references within the Eurocode 0 (CEN, 2006) . The results of the analysis show that the exceeding probability related to limit values in terms of absolute settlements under the buildings, even if it decreases when the distance from the excavation edge is higher than two times the excavation depth, is always unacceptably high. Whereas, the exceeding probabilities corresponding to relative vertical settlement and relative rotation limits, although they are for the most part unacceptable, become lower at the two edges of the buildings. , which show the extension of the areas underneath the buildings which are to be considered 'unsafe' (according to the assumed criteria on vertical settlements, relative vertical settlements and relative rotation) with reference to the following two values of limit exceeding probability (CEN, 2006): 10 -3 for the SLS, 10 -6 for the ULS. Regarding to the SLS, the area underneath the buildings which are to be considered 'unsafe' ranges from x/H = 0.59 to x/H = 2.5 or from x/H = 0.714 to x/H = 2.1 depending on value of the damage parameter β =1/2,000 ÷ 1/300. Considering, for example, a limit value of the damage parameter Δw = 0.01m, the exceeding probability is always unacceptable. With reference to the ULS, the vertical settlement is the most severe damage parameter since the exceeding probability is always unacceptable. The relative vertical settlement is the less severe damage parameter since the 'unsafe' area ranges from x/H = 1.25 to x/H = 1.75 or from x/H = 0.714 to x/H = 2.38. On the basis of the limit values of the relative rotations, the 'unsafe' area ranges from x/H = 0.95 to x/H = 2 or from x/H = 0.59 to x/H = 2.5. As for the excavation-induced damage to masonry structures with load bearing walls, log-normal bivariate probability density functions have been evaluated by considering two deformation parameters as independent and uncorrelated variables. To this aim, the damage functions proposed by Burland (1995) , and Boscardin and Cording (1989) have been used and, thus, the two parameters are the horizontal strain ε H = ε x and the deflection ratio Δ/L for the first case, and the horizontal strain ε H = ε x and the relative rotation β, for the second case. In both cases, the bivariate probabilistic analyses have been carried out, considering a 20 m tall (h) and 30 m wide (L) typical building, for different distances from excavation edge. Figure 14 shows the contour lines of the log-normal bivariate probability density functions compared to the damage functions proposed by Burland (1995) , plotted in the case of foundations located at x/H = 0.75 and x/H = 1 from the excavation edge. Similar results are obtained in Figure 15 by using, within the same procedure, the damage functions proposed by Boscardin and Cording (1989) . It is important to underline that both the considered damage criteria only apply in the hogging zone, yet their use is justified by the fact that most of the building lies, in the considered cases, within this zone. Figure 16 shows the comparison between the exceeding probability corresponding to different damage levels, as a function of the foundation-excavation distance, and the Eurocode 0 reference SLS and ULS probabilities (CEN, 2006) . The figure indicates that, for the investigated case study, the limit domains defined by Burland (1995) are slightly less severe than the ones defined by Boscardin and Cording (1989) . The results also show that the exceeding probability of severe damage level is, in both cases, higher than the one computed for the reinforced concrete structures. However, such probability quickly reduces when the building-excavation distance become greater than 1.5-2 times the excavation depth. As for the moderate and light damage levels, they present a slightly increasing trend with the building-excavation distance. This behaviour is mainly due to fact that the horizontal strain deformations are greater in the hogging zone than in the sagging zone and therefore critical regions of the limit domain may occur, as already stated in other studies (Boscardin and Cording, 1989; Burland, 1995; Schuster et al., 2010; Burland et al., 2004) , at large distances from the excavation edge. Similarly to what has been done for the analysis of the reinforced concrete structures, Figures 17(a) and 17(b) show the extension of the areas underneath the buildings which are to be considered 'unsafe' (according to the two assumed damage functions) with reference to values of limit exceeding probability equal to 10 -3
, for the SLS, and 10 -6
, for the ULS (CEN, 2006) . In this case, regarding both to the Serviceability and ULSs and for both considered damage functions (Boscardin and Cording, 1989; Burland, 1995) , the exceeding probability is always unacceptably high, thus the 'unsafe' area ranges from x/H = 0.59 to x/H = 2.5.
Concluding remarks
Using the simplified probabilistic methodology proposed by Castaldo et al. (2013) , based on monovariate or multivariate probabilistic analyses, the present paper illustrated an evaluation of the structural safety of existing buildings near deep excavations through different defined damage functions related to: structural typology of the affected buildings; type of foundations; relative position between the excavation edge and the structures. The reliability sensitivity study has been carried out on a case study: the design of an underground station, part of a new subway line in the city of Naples (Italy). Having considered the values 10 -3 and 10 -6 as limit exceeding probabilities related, respectively, to SLS and ULS, safe distances from the edge of the excavation have been computed as a function of different SLS or ULS damage criteria associated to both reinforced concrete and masonry buildings.
With reference to reinforced concrete structures, the results show that the vertical settlement is the most severe damage parameter since the exceeding probability is always unacceptably high, while the exceeding probabilities corresponding to relative vertical settlement and relative rotation limits are acceptably low in specific areas under the curtain of buildings. With reference to the excavation-induced damage to masonry structures, the limit domains defined by Burland (1995) are slightly less severe than the ones defined by Boscardin and Cording (1989) . The results also show that the exceeding probability of severe damage level is, in both cases, higher than the one computed for the reinforced concrete structures. In conclusion, the results of the reliability analysis applied to the considered case study show that the 'unsafe' area underneath r.c. structures differently from what happens for masonry buildings, significantly depends both on the limit state and on the choice of the parameter used to estimate the damage.
